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Abstract 
With the aim of studying the optical properties of ‘Pink Lady®’ apples measured by TRS during storage in normal 
atmosphere and of relating them to fruit maturity and structural characteristics, 60 apples, measured at harvest by TRS at 
670 nm and in the spectral range 740í1100 nm, were ranked on the basis of decreasing μa670 (increasing maturity) and 
randomized into 6 batches corresponding to 6 times of analysis: at harvest and after 7, 15, 29, 66 and 91 days of storage 
at 1°C. At each storage time, apples were measured by TRS in the same spectral range as at harvest, and firmness, 
intercellular space volume (RISV), soluble solid content (SSC) and starch hydrolysis were measured; Streif Index and 
weight loss were computed. Overall, the μa spectra showed a maximum at 670 nm (chlorophyll-a) and at 980 nm (water), 
while the μ’s spectra had a decreasing trend with the wavelength increase. The μa670 and μa980 decreased with storage 
time as a consequence of a decrease in chlorophyll and water contents, respectively. The size and the density of the 
scattering centers were affected by the interplay of various phenomena: starch hydrolysis, flesh softening, water loss and 
RISV increase. High correlation coefficients were found between μa in the spectral region 920í1100 nm and firmness, 
Streif Index and RISV, while low correlation coefficients were observed between μa and SSC, and between μ’s and all 
the quality parameters. Using PLS analysis, good prediction for firmness, RISV and Streif Index were obtained using μa 
spectra; models’ performance improved when μa and μ’s are combined. 
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1.Introduction 
Apple fruit is mainly composed of the fleshy tissue of parenchyma cells permeated with vascular tissue 
and intercellular air spaces enclosed by the epidermis. Each tissue has a different microstructure 
composition which determines the fruit mechanical properties affecting texture and gas (O2 and CO2) 
diffusivity determinant of fruit respiration. Cell size and shape, presence of an adhesive middle lamella 
between individual cells, turgor pressure, mechanical properties of the cell wall, the amount of 
intercellular spaces and subcellular features (plasma membrane and plasmodesmata) determine the 
macroscopic properties of fruit. The knowledge of all microstructural characteristic is important for the 
understanding of fruit quality at harvest and after storage, as well as the susceptibility to physiological 
disorders. The shape and size of these components show considerable variability according to cultivar, 
fruit development, harvest date and storage conditions [1-3]. 
A fruit can be modelled as a diffusive media, where light distribution is determined by the interplay 
between scattering phenomena (due to fruit microstructure) and light absorption (due to the presence of 
chromophores and other chemical compounds). Time-resolved reflectance spectroscopy (TRS) provides a 
complete optical characterization of diffusive media with the simultaneous non-invasive measurement of 
the optical properties of absorption and scattering. TRS is based on the measurement of the temporal 
delay and the broadening experienced by a short laser pulse (pulse duration in the order of 100 ps) while 
travelling through a turbid medium [4]. By using an appropriate theoretical model of light penetration for 
the analysis of photon time distribution, it is possible to simultaneously estimate the absorption coefficient 
(μa) and the reduced scattering coefficient (μ’s). Light penetration achieved by TRS in most fruit and 
vegetables can be as great as 1-2 cm, depending on the optical properties [5]. Hence, TRS provides 
information on the internal properties of the medium and is not significantly affected by surface features 
[6]. 
Previous studies on apples have shown that μa measured at 630 nm (μa630) is related to fruit maturity: 
more mature apples (low μa630 values) had lower titratable acidity at harvest and higher soluble solids 
after storage compared to less mature fruit (high μa630 values) and were perceived sweeter, more 
aromatic and were more appreciated by panellist at sensory analysis [7]. On the other hand, the reduced 
scattering coefficient gave an insight into the textural properties of apple fruit: μ’s measured at 750 and 
780 nm were linked to pectin composition showing a high and positive correlation with galacturonic acid 
content in water soluble pectin fraction, and a negative correlation with residue insoluble pectin and 
protopectin index [8]. The μ’s measured in the range between 750 and 790 nm were also related to 
mechanical properties of fruit (firmness, stiffness, intercellular spaces) and to sensory attributed related to 
structure (firm, crispy, mealy and juicy) [9, 10]. 
The aim of this work was to study the optical properties of ‘Pink Lady®’ apples measured by TRS in 
the near infrared spectral range during storage in normal atmosphere, and to relate these optical properties 
to fruit maturity and structural characteristics. 
 
2.Materials and Methods 
Sixty apples, picked in Laimburg (Bolzano, Italy), at harvest were individually weighed and measured 
by TRS at 670 nm and in the spectral range 740í1100 nm on two opposite positions around the equator 
region. Apples were ranked on the basis of decreasing μa670, averaged on the two fruit sides (increasing 
maturity), and randomized into 6 batches corresponding to 6 times of analysis: at harvest (0) and after 7, 
15, 29, 66 and 91 days of storage at 1°C in normal atmosphere. At each storage time, apples were 
measured by TRS in the same spectral range as at harvest. In parallel, flesh firmness (11 mm diameter 
plunger mounted on an Instron UTM, crosshead speed 200 mm/min), intercellular space volume (RISV, 
[11]), soluble solid content (SSC) and starch hydrolysis (EUROFRU scale from 1=minimum to 
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10=maximum starch hydrolysis, [12]) were measured. Streif Index (firmness/(SSC × starch hydrolysis) 
[13]) and weight loss were calculated. The sample corresponding to 66 days of storage was not considered 
due to a failure in the TRS system. 
TRS measurements were performed in the spectral range 670í1100 nm with a broadband setup 
employing a white light laser (SC450, Fianium, UK) for generation of light pulses (10ps duration, 40MHz 
repetition rate, 1mW/nm average power), a watercooled double microchannel plate photomultiplier 
(R1564U, Hamamatsu, Japan), and a time correlated single-photon counting board (SPC-130, Becker & 
Hickl, Berlin, Germany). The temporal resolution of the overall system, calculated as the FWHM of the 
instrumental response function, is less than 90 ps. Details on the setup can be found in D’Andrea et al. 
[14]. 
TRS data were analyzed by using a spectrally constrained approach [15]. The spectral dependence of 
the optical properties is inserted in the analytical solution for light transport in diffusive media and best fit 
is obtained by simultaneously considering TRS data at multiple wavelengths and using structure 
parameters (e.g. density and size of scatterers) and chromophore concentrations (e.g. chlorophyll and 
water) as free parameters. 
The relationship between absorption coefficient and tissue constituents is given by the Beer Law, 
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where cCHL and cH2O are the chlorophyll and water concentration, respectively, and bkg is a constant 
value to account for the contribution of other absorbers. 
An approximation to the Mie theory is used to relate the reduced scattering coefficient to the structural 
properties of the measured diffusive sample: 
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where a is the scattering coefficient at wavelength Ȝ0 (in our case we choose Ȝ0 = 600 nm) and b is a 
parameter related to the size of scatterers. 
Quality parameter data were processed by analysis of variance and means were compared by Tukey’s 
test. Correlations between optical properties at the measured wavelengths and quality parameters were 
studied by using PROC CORR procedure (SAS/STAT, SAS Institute Inc., Cary, NC, 1999). Partial Least 
Squares regression analysis (PLS, The Unscrambler X, v..10.0.1, Camo, Norway) was developed to model 
spectra data and quality characteristics. Each model was validated by cross validation (16 segment 
validation with a random assignment of samples to the segment). 
 
3.Results and Discussion 
3.1.Fruit quality characteristics 
Considering the variation in the quality parameters during storage (Table 1), apple softening began 
after 29 days of storage when there was a significant increase of RISV. Starch hydrolysis was already in 
act after 7 days’ storage and the phenomenon continued up to 91 days at 1°C, when starch disappeared. 
At the same time, Streif Index gradually decreased and weight loss increased. Only SSC did not change 
with storage time. 
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Table 1. Quality characteristics of ‘Pink Lady®’ apples during storage 
 
days at 1°C 
Firmness 
(N) 
RISV 
(%) 
Starch index 
Streif index 
(N x °Bx-1) 
SSC 
(°Bx) 
Weight loss 
(%) 
0 84.5 a 25.3 c   8.6 c 0.073 a 13.9 a 0.95 d 
7 81.8 ab 24.8 c   9.3 b 0.067 ab 13.5 a 1.22 dc 
15 84.2 a 24.9 c   9.5 ab 0.066 bc 13.8 a 1.53 c 
29 77.1 b 27.7 b   9.9 a 0.059 c 13.5 a 2.38 b 
91 52.3 c 31.1 a 10.0 a 0.038 a 14.1 a 4.69 a 
 
3.2.Spectra characteristics 
Overall, the absorption spectra showed a maximum at 670 nm (chlorophyll-a) and at 980 nm (water), 
while the scattering coefficient slowly decreased with increasing wavelength (Figure 1). At harvest, the 
absorption coefficient at 670 nm ranged from 0.035 to 0.076 cm-1, showing very low values compared 
with other apple cultivars already studied [5, 7], but confirming the findings of Rizzolo et al. [14]; the μ’s 
values were similar to those previously found in other apple cultivars, ranging from 11.59 to 13.72 cm-1 
[5, 10] (Figure 1). 
Comparing TRS spectra measured at harvest with those measured on the same fruit during storage, 
μa670 values were lower in apples stored for 15, 29 and 91 days than in the same fruit measured at 
harvest, while differences in μa980 values were evident only for 91 days stored fruit (Figure 1). As for the 
scattering behavior, the parameter a reported in Eq. 2 is proportional to the density of the scattering 
centers and determines the absolute value of μ’s, while the parameter b depends on the size of the 
scatterers showing values about 1/3 lower than those of a and determines the slope of the scattering 
spectra. Apples stored for 15, 29 and 91 days showed lower values of a and b than those of the same 
apples at harvest (Figure 1). 
Comparing the TRS spectra at different storage times, on average, μa670 and μa 980 significantly 
decreased in apples stored from 29 days up to the end of the storage period, showing the lowest values in 
apples stored for 91 days (Figure 1). The decrease of μa670 and μa980 values was due to a decrease in the 
chlorophyll and water contents, respectively (Table 2), the first related to fruit ripening and the latter to 
water loss. In fact, during cold storage, apples ripened, as they lost firmness and hydrolyzed starch, as 
shown above, and the ripening process is accompanied by a progressive decrease in chlorophyll content 
[7, 9]. In agreement with the very low μa670 values found in ‘Pink Lady®’ apples, the estimated 
chlorophyll content was also lower than that found by Cubeddu et al. [17]: chlorophyll in ‘Pink Lady®’ 
apples was about 1/2-1/3 lower than that of ‘Golden Delicious’ and ‘Granny Smith’ apples, respectively. 
Considering the water content, it seems that TRS underestimates water content; in fact at harvest dry 
matter in apples was 15.5 % (data not shown) and water content measured by TRS was 82.3%. During 
storage, maximum weight loss was 4.7 % at 91 days of storage; this means that apples lost about 6% of 
water, in contrast to data of TRS water content, from which the computed water loss was about 9%. 
Scattering values, on average, decreased after 29 and 91 days of storage (Figure 1), confirming the 
findings of Vanoli et al. [10] on ‘Jonagored’ apples stored for 5 months. At 29 days at 1°C, the size and 
the density of the scattering centers showed the lowest values, having a slight increase up to 91 days 
(Table 2). The changes in scattering parameters reflected the changes in the pulp structure during storage. 
The decrease of the parameter a up to 29 days of storage could be linked to apple softening; this process 
is accompanied by the enzymatic cell wall breakdown and so the density of the scattering particles in the 
fruit flesh decreased, as found by Qin and Lu [18] and Bobelyn et al. [19]. As a consequence of this 
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phenomenon, the light scattering at the cell interfaces is reduced leading to less scattering events in the 
tissue [19]. At the same time, RISV increased and some water was lost due to fruit transpiration, so the 
cells in the pulp tissue became smaller with more air filled pores. The values of the parameter b decreased 
but scattering values increased, as there was an higher refractive index mismatch leading to more and 
stronger scattering events [1, 19]. Actually the situation in the pulp tissue is much more complex than just 
described, as the scattering centers of a fruit are not expected to be homogeneous spheres. These 
parameters do not assess the real size of scattering centers in the tissue, rather they are average equivalent 
parameters that could be related to physical characteristic of fruit. 
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Fig. 1. Absorption (left) and scattering (right) spectra of ‘Pink Lady®’ apples at harvest (solid line) and after storage (dotted line) 
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Table 2. Chlorophyll content, water content and scattering parameters of ‘Pink Lady®’ apples during storage 
days at 1°C absorption  scattering parameters 
 
 
chlorophyll content 
(μM-1) 
water content 
(%) 
a 
(cm-1) 
b 
(-) 
0 0.435 a 82.3 ab 13.91 a 0.280 ab 
7 0.480 a 83.0 ab 13.84 a 0.325 ab 
15 0.400 ab 83.7 a 13.61 a 0.185 c 
29 0.415 ab 82.1 b 12.91 a 0.178 c 
91 0.287 b 73.7 c 13.13 a 0.245 b 
 
 
By studying the correlations between optical properties and quality parameters (firmness, RISV, SSC, 
Streif Index), high correlation coefficients (r ≥ 0.8) were found between μa in the spectral region 920-
1100 nm and firmness (positively), Streif Index (positively) and RISV (negatively) (Figure 2), while low 
correlation coefficients (r ≤ 0.4) were observed between μa and SSC, and between μ’s and all the quality 
parameters (data not shown). Vanoli et al. [20] found high and positive correlations between μa 912 and 
sensory firmness, juiciness, crispness and percent juice and negative correlations with mealiness and 
RISV, while lower or no correlations were found between μa measured in the wavelength range 630-780 
nm and quality parameters of apple fruit [8, 9]. On the contrary, the same authors found that scattering 
coefficients measured at 750 and 780 nm were well correlated to fruit texture both from the mechanical 
and sensory point of view and also to pectic composition. Probably in this work, μ’s decreased due to fruit 
softening, but, at the same time, it increased due to water loss. This scenario complicated the relationship 
between the measured spectra and the firmness values of stored apples, leading to a positive or negative 
correlation between optical properties and structural characteristics depending on which effect dominates 
the spectrum. 
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Fig. 2. Correlation coefficients between μa and quality characteristics of ‘Pink Lady®’ apples during storage 
 
By using PLS to model optical properties and quality parameters, good prediction of firmness, RISV 
and Streif Index were obtained using absorption spectra, while bad results were obtained using scattering 
spectra (Table 4). When scattering was added to absorption the performance of the models improved, as 
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R2 increased and RMSE decreased (Table 3). SSC was not satisfactory predicted by either absorption or 
scattering, as R2 of the model was not higher than 0.13 (data not shown). 
 
Table 3. Calibration performances for quality parameters of ‘Pink Lady®’ apples during storage 
Quality TRS Latents Calibration  Cross-validation 
parameters Parameter Variables R2cal RMSEC  R2cv RMSECV 
Firmness (N) μa 1 0.83 5.36  0.82 5.56 
 μ’s 4 0.18 11.72  0.02 13.02 
 μa + μ’s 4 0.88 4.50  0.83 5.44 
RISV (%) μa 1 0.79 1.26  0.77 1.30 
 μ’s 3 0.27 2.34  0.14 2.55 
 μa + μ’s 4 0.87 1.00  0.82 1.19 
Streif Index μa 1 0.70 0.0071  0.70 0.0073 
 μ’s 4 0.15 0.0121  0.04 0.0130 
 μa + μ’s 4 0.81 0.0057  0.75 0.0068 
 
 
The results of PLS also confirm the lack of correlations between scattering and quality parameters, 
even if Lu [21] found that both μa and μ’s measured by hyperspectral imaging technique on 600 stored 
apples were well correlated to fruit firmness with r = 0.83 and 0.70, respectively. It is interesting to note 
that when μa and μ’s are combined, better predictions of fruit firmness were achieved, as previously found 
by Rizzolo et al. [9], Valero et al. [22] and Lu [21]. 
 
4.Conclusion 
Our results indicate that the optical properties of ‘Pink Lady®’ apples measured by TRS dramatically 
changed already after 1 month of cold storage reflecting the changes in chemical composition and in 
textural characteristics occurring in the fruit flesh. Absorption spectra showed the decrease in chlorophyll 
(linked to fruit maturity) and in water content (related to water loss). As expected, the absorption 
coefficients were well correlated to Streif Index, i.e. to fruit maturity, and to fruit texture (firmness and 
RISV). Despite the lack of correlation between scattering properties and fruit quality parameters, by 
adding scattering coefficients to the absorption ones, the performance of firmness, RISV and Streif index 
models built by PLS analysis were improved. Further researches are needed to better clarify the 
relationship between scattering spectra and textural characteristics of apple tissue at macro and 
microscopic levels in a wider range of apple cultivars with different maturity. 
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